INTRODUCTION
============

The nucleotide excision repair (NER) is one of the major repair systems to remove a wide range of helix distorting lesions from DNA, including those formed by UV light, various environmental mutagens and certain chemotherapeutic agents ([@B1; @B2; @B3]). Defects in NER are associated with several human autosomal hereditary diseases ([@B4],[@B5]). NER can be dissected into two partly overlapping subpathways: global genome NER (GG-NER), operating wide genome, and transcription-coupled repair (TC-NER), focusing on lesions in the transcribed strand of active genes ([@B6]). The only difference between TC-NER and GG-NER is their mode of damage sensing. Thereafter the two sub-pathways merge into a common multi-step reaction mechanism. Reconstitution of GG-NER with purified proteins on artificial DNA templates has revealed sequential damage detection, helix opening, dual incision of the damaged strand 5′ and 3′ to the lesion, release of the 24--32 nt oligonucleotide, gap filling DNA synthesis, and ligation. The recognition of damaged sites is crucial for successful repair. The complex consisting of xeroderma pigmentosum group C protein (XPC), human Rad23B protein (HR23B) and centrin 2 (CEN2) has been considered the damage sensing structure of GG-NER ([@B7; @B8; @B9]). XPC bound to the lesion then recruits the transcription factor II (TFIIH) to the site of the lesion ([@B10]), and XPD, XPB helicases of TFIIH partially open the DNA helix ([@B11]). The structure is fully opened upon recruitment of excision repair cross-complementing group 1 and xeroderma pigmentosum group F proteins (ERCC1--XPF), XPG, replication protein A (RPA) and xeroderma pigmentosum group A protein (XPA). The DNA incision 3′ to the damage is carried out by XPG, the one 5′ to the damage by ERCC1--XPF ([@B12],[@B13]). The coordination of the assembly of the NER preincision complexes and the sequential individual reactions is achieved through multiple protein interactions ([@B14]). Following the removal of the damaged oligonucleotide, the gap is filled by the replication machinery, and DNA ligase I or DNA ligase III-XRCC1 seals the remaining nick ([@B15]). Although the overall NER mechanism is fairly well understood, details of the damage recognition and of the spatial orientation of proteins in preincision complex have not been resolved.

Here we analyzed the interaction of the two inherent participants of the NER process, XPA and RPA, with DNA structures that mimic DNA intermediates arising in the NER process. Some studies initially suggested XPA and RPA as primary damage sensors ([@B16; @B17; @B18]). Subsequently it became clear that XPA and RPA work at a later stage, after the action of XPC--RAD23B and before cleavage by ERCC1--XPF and XPG ([@B11],[@B19]). To shed light on the unsolved question of the RPA and XPA roles in damaged DNA recognition and preincision complex assemblage, we investigated the strand specificity of these proteins to bind damaged and/or undamaged DNA strands to resolve the 'topography' of the preincision complex. We used photoaffinity labeling to reveal the binding loci of RPA and XPA on damaged DNA. By using lesion-mimicking photoreactive groups we have previously shown that the method could identify contacts of NER proteins with such photoreactive groups attached to nucleotide bases at the site of damage ([@B20],[@B21]). However, it remained unclear of how protein factors of the NER system contacted with DNA regions around the lesion in the damaged and undamaged strands. To this end, we developed the method to indicate the spatial assembly of proteins in the preincision complex. We have constructed DNA duplexes and bubbled DNA structures bearing 5I-dUMP residue in different positions of damaged or undamaged strands and fluorescein group linked to uridine residue (Flu-dUMP) as the lesion ([Figure 1](#F1){ref-type="fig"}). The choice of 5I-dUMP was motivated by its minimal effect on the structure of DNA double helix ([@B22]). The size of the studied DNA bubble was similar to the partially open region of DNA duplex under TFIIH action ([@B23]). We have combined in this study photocrosslinking and footprinting techniques to analyze protein--nucleic acid interaction of XPA and RPA with damaged DNA. We find that XPA and RPA bind cooperatively to the 5′-side of the damaged DNA duplex. Both RPA and XPA interact with the ss/dsDNA junction in the bubbled DNA structure on the 5′-side of the damaged strand. This positioning of XPA recruits ERCC1--XPF for the incision of the damaged strand ([@B24]). Figure 1.DNA structures and nucleotide analogues used.

MATERIALS AND METHODS
=====================

Materials
---------

\[γ-^32^P\]ATP (3000 Ci/mmol) was produced in the Laboratory of Radiochemistry of the Institute of Chemical Biology and Fundamental Medicine, Siberian Branch of the Russian Academy of Sciences; phage T4 polynucleotide kinase was purchased from Biosan (Russia); *Escherichia coli* exonuclease III (exoIII) and Mung Bean nuclease were products from SibEnzyme (Russia); DNase I and glycogen were obtained from Sigma (USA); stained molecular mass markers were from BioRad (USA), reagents for electrophoresis and buffer components from Sigma (USA) or made in Russia (extra pure grade). Oligonucleotides bearing 5I-dUMP or fluorescein dUMP derivative were synthesized by Dr V. Silnikov (Nanotech-C, Russia). Structures of oligonucleotides and nucleotide analogs are presented in [Table 1](#T1){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}, respectively. Table 1.Sequences of the 48-mer oligonucleotidesNameSequences`1``5``′``-ctatggcgaggcga``I``taagttgggcaacgtcagggtcttccgaacgac-3``′``2``5``′``-ctatggcgaggcgattaag``I``tgggcaacgtcagggtcttccgaacgac-3``′``3``5``′``-``ctatggcgaggcgattaagttggg``I``aacgtcagggtcttccgaacgac``-3``′``4``5``′``-``ctatggcgaggcgattaagttgggcaacg``I``cagggtcttccgaacgac``-3``′``5``5``′``-``ctatggcgaggcgattaagttgggcaacgtcaggg``I``cttccgaacgac``-3``′``FI1``5``′``-``gtcgttcggaagaccctgacg``F``tacccaac``I``taatcgcctcgccatag``-3``′``FI2``5``′``-``gtcgttcggaagaccctgacg``F``I``acccaacttaatcgcctcgccatag``-3``′``FI3``5``′``-``gtcgttcggaagaccc``I``gacg``F``tacccaacttaatcgcctcgccatag``-3``′``Fa``5``′``-``gtcgttcggaagaccctgacgt``F``acccaacttaatcgcctcgccatag``-3``′``Fg``5``′``-``gtcgttcggaagaccctgacgt``F``gcccaacttaatcgcctcgccatag``-3``′``Fb``5``′``-``gtcgttcggaagacccactgcaa``F``gggttgataatcgcctcgccatag``-3``′``N``5``′``-``ctatggcgaggcgattaagttgggtaacgtcagggtcttccgaacgac``-3``′``Nm``5``′``-``ctatggcgaggcgattaagttgggсaacgtcagggtcttccgaacgac``-3``′``48c``5``′``-``gtcgttcggaagaccctgacgttgcccaacttaatcgcctcgccatag``-3``′``B``5``′``-``ctatggcgaggcgattatcaacccattgcagtgggtcttccgaacgac``-3``′`[^2]

Protein purification
--------------------

Recombinant hRPA was isolated from *E. coli* according to ([@B25]). The plasmid containing cDNA of hRPA was a kind gift of Dr K. Weisshart (Leibniz Institute for Age Research---Fritz Lipmann Institute, Jena, Germany). Recombinant hXPA bearing N-terminal polyhistidine fragment was expressed in *E. coli* BL21(DE3)LysS strain, using pETI5b-XPA recombinant plasmid kindly provided by Dr O. Schärer (SUNY Stony Brook, USA). Protein isolation was performed according to ([@B26]) with one modification: EDTA was not added during purification.

Preparation of 5′-^32^P-labeled DNA duplexes
--------------------------------------------

Radioactive label was inserted into the 5′-end of oligonucleotides using phage T4 polynucleotide kinase as described in ref. ([@B27]). Labeled oligonucleotides were purified by electrophoresis under denaturing conditions with subsequent elution. To obtain DNA duplexes or bubble-DNA structures, 5′-^32^P-labeled oligonucleotides were annealed with overall or partial complementary oligonucleotides in the ratio 1:1, incubated for 5 min at 95°C, then slowly cooled to 70°C, kept for 15 min at this temperature, and slowly cooled to room temperature. The hybridization degree was monitored by electrophoresis in 10% polyacrylamide gel (acrylamide/bisacrylamide = 40:1). TBE buffer (50 mM Tris--HCl, 50 mM H~3~BO~3~, 1 mM EDTA, pH 8.3) was used as the electrode buffer.

Protein binding to DNA
----------------------

Protein--DNA complexes were analyzed by gel retardation. The reaction mixture (10 µl) contained 50 mM Tris--HCl, pH 7.5, 100 mM KCl, 1 mM dithiothreitol, 0.6 mg/ml BSA, 10 nM 5′-^32^P-labeled DNA and RPA, XPA or both proteins at various concentrations. A 50-nM unlabeled DNA duplex was used as a competitor in some experiments. Protein complexes with DNA were formed for 20 min at 37°C. Then loading buffer (1:5 v/v) containing 20% glycerol and 0.015% Bromophenol Blue was added to the sample. Protein--nucleic acid complexes were electrophoresed under non-denaturing conditions. To separate the products of complex formation of RPA or XPA, 5% polyacrylamide gel (acrylamide/bis-acrylamide = 60:1) was used. TBE was the electrode buffer. Electrophoresis was performed with voltage decrease 17 V/cm and at 4°C. Positions of radioactively labeled oligonucleotide and protein--nucleic acid complexes were determined autoradiographically using a Molecular Imager FX Pro+ from BioRad.

Photoaffinity labeling
----------------------

Protein modification by photoreactive DNA structures was performed in reaction mixture (10 µl) containing 50 mM Tris--HCl, pH 7.5, 100 mM KCl, 2 mM MgCl~2~ (if the reaction was performed in the presence of Mg^2+^), 1 mM dithiothreitol, 0.6 mg/ml BSA, 10 nM 5′-^32^P-labeled photoreactive DNA duplex and corresponding protein or protein mixture at the studied concentrations. Mixtures were incubated for 20 min at 37°C and then UV-irradiated for 1 h in an ice bath using a Bio-Link BLX-312 cross-linker from Vilber Lourmant (France), wavelength 312 nm, light intensity 5 mJ/cm^2^s. The reaction was terminated by 1:5 (v/v) dilution of the sample with stop buffer (5% SDS, 5% 2-mercaptoethanol, 0.3 M Tris--HCl, pH 7.8, 50% glycerol and 0.005% Bromophenol Blue). Modification products were separated by electrophoresis according to Laemmli ([@B28]) with subsequent autoradiography using the Molecular Imager FX Pro+.

Footprinting analyses
---------------------

Reaction mixtures (10 µl) were prepared as in the gel retardation assay. After incubation at 37°C for 20 min, samples were mixed with one of the following nucleases. Samples with Mung Bean nuclease (20 U) were incubated at 37°C for 20 min. Samples containing MgCl~2~ (final concentration 2 mM) and exoIII (0.02 U) or DNase I (0.01 U) were incubated at 37°C for 2 min or for 4 min. The digestion reaction was terminated by addition of SDS and EDTA to give final concentrations of 0.05% and 0.05 M followed by rapid cooling to 0°C (in the case of Mung Bean nuclease) or heating to 95°C (for exoIII and DNaseI). Samples were adjusted to 50 µl by water, and proteins were extracted from water phase with two portions of phenol:chloroform (1:1). Then the aqueous phases were combined, and pH 4.0 was adjusted by the addition of 0.5 M NaAc buffer. DNA was precipitated with ethanol in the presence of 20 µg glycogen at −40°C. The DNA samples were then dissolved in loading solution (90% formamide, 50 mM EDTA, 0.1% xylene cyanole and 0.1% Bromophenol Blue), heated for 5 min at 95°C and subjected to 10% denaturing polyacrylamide gel (acrylamide/bis-acrylamide = 19:1) electrophoresis and autoradiography.

RESULTS
=======

Proteins XPA and RPA bind to both damaged and undamaged strands of damaged DNA duplex
-------------------------------------------------------------------------------------

Despite numerous data on the interaction of XPA and RPA with damaged DNA, their localization on damaged and/or undamaged DNA strands remained unclear. We have used 48-mer DNA duplexes bearing fluorescein residue as the damage recognized by the NER system and 5I-dUMP residue as the photoreactive group for protein crosslinking. The 5I-dUMP can be regarded as non-damaging due to the similarity in dimension of iodine and the thymidine methyl group ([@B17]). Thus thymidine has been substituted in defined positions of the DNA strands by 5I-dUMP ([Figure 1](#F1){ref-type="fig"}) that allowed footprinting of XPA and RPA by photocrosslinking and application to the recognition of damage and processing of damaged DNA. XPA was found crosslinked with 5I-dUMP in both damaged and undamaged strands ([Figure 2](#F2){ref-type="fig"}A, C and E). The results show two positions with highest yield of DNA--protein adducts: one on the undamaged strand in the 5I-dUMP position of +4 ([Figure 2](#F2){ref-type="fig"}A, lanes 7, 8; structure Fg/4 in [Figure 1](#F1){ref-type="fig"}), and one on the damaged strand in the 5I-dUMP position of +5 ([Figure 2](#F2){ref-type="fig"}A, lanes 15 and 16; structure FI3/N in [Figure 1](#F1){ref-type="fig"}). [Figure 2](#F2){ref-type="fig"}C shows relative efficiencies of XPA crosslinking versus 5I-dUMP position and [Figure 2](#F2){ref-type="fig"}E shows the position of XPA. The RPA70 subunit crosslinked efficiently with undamaged strand but had also at least two contacts with damaged strand ([Figure 2](#F2){ref-type="fig"}B, lanes 13--16). One of these contact positions coincided with the one for XPA, another one locates in the position 3′ adjacent to damage ([Figure 2](#F2){ref-type="fig"}D). The lowest yield of crosslinking was observed for the photoreactive group in the damaged strand closest to the 3′ end ([Figure 2](#F2){ref-type="fig"}B, lanes 11 and 12). The RPA32 subunit was photocrosslinked in the same manner as RPA70 although significantly less efficiently. The results in [Figure 2](#F2){ref-type="fig"}B, D and F indicated photocrosslinking of RPA to the undamaged strand in various positions spaced over several nucleotide residues. The phenomenon could be attributed to different RPA molecules binding cooperatively to the damaged DNA duplexes. This was confirmed by the results in previous studies ([@B26],[@B29]) and also in following experiments shown in [Figure 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}. Figure 2.Topography of the XPA and RPA protein location on damaged DNA duplex by photoaffinity labeling. The damaged DNA model substrates carry photoreactive 5I-dUMP-substitutions at the indicated positions of radioactively 5′-end labeled damaged or undamaged strands. The reaction mixtures (10 μl) contained 50 mM Tris--HCl 7.5, 100 mM KCl, 1 mM DTT, 0.6 mg/ml BSA, 10 nM 5′-^32^P-labeled photoreactive DNA and protein factors at analyzed concentrations: (**A**) 10 or 100  × 10^−8^ M XPA; (**B**) 1 or 5  × 10^−8^ M RPA. The photocrosslinking products were separated by SDS--PAGE and visualized by autoradiography. The (**C**) and (**D**) panels shows quantitative analysis of the data from the (A) and (B) photocrosslinking experiments. (**C**) Diagram of the relative intensities of the XPA photocrosslinked products. (D) diagram of the relative intensities of the RPA photocrosslinked products. Averages and experimental errors were taken from three experiments. (**E**) and (**F**) localization of XPA and RPA, respectively, on damaged DNA duplex (in accordance with photocrosslinking intensity maximums).

Similar crosslinking profiles for both RPA and XPA were obtained with bubbled DNA structures ([Figure 3](#F3){ref-type="fig"}). These imitate DNA intermediates at the preincision step of NER. Data on the topography of these complexes have not been reported before. We have selected the size of bubble equal to 15 nt in agreement with the size of bubble opened by TFIIH in the damaged DNA duplex ([@B23]). In the case of bubbled DNA the maximum of XPA crosslinking with undamaged strand shifted to the ultimate 5I-dUMP on the 3′-side (compare corresponding lanes in [Figures 2](#F2){ref-type="fig"}A and [3](#F3){ref-type="fig"}A) whereas that in the damaged strand remained in the site seen before in [Figure 2](#F2){ref-type="fig"}. Both positions with maximum XPA crosslinking located near the ss/dsDNA junction as indicated in [Figure 3](#F3){ref-type="fig"}E. This position of XPA protein was in agreement with the one found previously for XPA binding with branched DNA ([@B30]). The pattern of RPA crosslinking with duplex and bubbled DNA did not differ; however, levels of RPA crosslinking to DNA were higher with bubbled DNA. Thus, both XPA and RPA crosslinks located to the ss/dsDNA junction on the 5′-side from a lesion. Figure 3.Topography of the XPA and RPA protein location on damaged DNA duplexes containing 15-nt bubble by photoaffinity labeling. The damaged DNA model substrates carry photoreactive 5I-dUMP-substitution at the indicated positions of radioacetively labeled damaged or undamaged strands. The reaction mixtures (10 μl) contained 50 mM Tris--HCl 7.5, 100 mM KCl, 1 mM DTT, 0.6 mg/ml BSA, 10 nM 5′-^32^P-labeled photoreactive DNA and protein factors at analyzed concentrations: (**A**) 10 or 100 × 10^−8^ M XPA; (**B**) 1 or 5 × 10^−8^ M RPA. The photocrosslinking products were separated by SDS--PAGE and visualized by autoradiography. The (**C**) and (**D**) panels shows quantitative analysis of the data from the (A) and (B) photocrosslinking experiments. (C) diagram of the relative intensities of the XPA photocrosslinked products. (**D**) Diagram of the relative intensities of the RPA photocrosslinked products. Averages and experimental errors were taken from three experiments. (**E)** and (**F**) localization of XPA and RPA, respectively, on damaged DNA bubble (in accordance with photocrosslinking intensity maximums).

XPA and RPA protect DNA against nuclease digestion cooperatively
----------------------------------------------------------------

To confirm the contact of XPA and RPA with particular sites of damaged DNA structures we mapped their binding sites using footprinting assays. When DNAse I was used for footprinting, it did not reveal any XPA footprints in digestion profiles of DNA duplexes (data not shown), in agreement with previous data ([@B31]). In contrast, digestion with ExoIII revealed footprints on both undamaged (left panel) and damaged (right panel) strands of bubbled DNA in the presence of various concentrations of XPA, RPA either alone or in combination ([Figure 4](#F4){ref-type="fig"}). ExoIII 3′→5′ exonuclease activity for DNA duplex, but significantly less activity toward ssDNA, explained the digestion patterns of the downstream regions flanking the bubble on both damaged and undamaged strand in [Figure 4](#F4){ref-type="fig"}. RPA protected these sites more effectively than XPA, which showed low protection ability even at high excess of XPA over DNA ([Figure 4](#F4){ref-type="fig"}, lanes 2 and 3 in comparison with lanes 6 and 7). XPA in high concentration slightly stimulated the DNA protection by RPA both on undamaged and damaged strands ([Figure 4](#F4){ref-type="fig"}, lanes 10 and 11 in comparison with lane 2). Despite both XPA and RPA crosslinked preferentially with undamaged strand, footprinting experiments demonstrated no difference in protection of either strand. This discrepancy may be explained by the ability of crosslinking technique to fix unstable and transient Protein--DNA interactions, whereas the tight interactions were required to shield DNA against nuclease degradation. Figure 4.ExoIII footprinting analysis of RPA and XPA binding to the damaged DNA bubble. The reaction mixtures (10 μl) contained 50 mM Tris--HCl 7.5, 100 mM KCl, 1 mM DTT, 0.6 mg/ml BSA, protein factors at analyzed concentrations and 10 nM 5′-^32^P-labeled damaged DNA bubble substrates. Bases in the bubble are marked in grey. The left panel 5′-terminally labeled undamaged strand of DNA duplex. The right panel 5′-terminally labeled damaged strand of DNA duplex. The bottom panel shows schematic representation of the protection pattern for the bubbled substrate. Strongly and weakly protected regions are designated by solid and shaded bars, respectively.

To clarify further topography of the interaction of XPA and RPA with bubbled DNA structure we have used Mung Bean nuclease footprinting ([Figure 5](#F5){ref-type="fig"}). One can see from these data that both XPA and RPA protect single stranded (ss) region more effectively as compared to duplex part ([Figure 4](#F4){ref-type="fig"}). This result was expected for RPA but not for XPA because of lack of clear data on its affinity to ssDNA as well branched DNA ([@B30],[@B32],[@B33]). When both proteins were added simultaneously, a cooperative effect on DNA protection was observed in particular on damaged strand ([Figure 5](#F5){ref-type="fig"}, right panel, lane 9 in comparison with lanes 1 and 5). The data indicated that each XPA and RPA showed low protection alone and cooperative protection when together. We also observed mutual effects by XPA and RPA on their interaction with damaged DNA by using DNA-crosslinking and gel shift assays ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq649/DC1)). Figure 5.Mung Bean footprinting analysis of RPA and XPA binding to the damaged DNA bubble. The reaction mixtures (10 μl) contained 50 mM Tris--HCl 7.5, 100 mM KCl, 1 mM DTT, 0.6 mg/ml BSA, protein factors at analyzed concentrations and 10 nM 5′-^32^P-labeled damaged DNA duplex. The left panel 5′-\[^32^P\] labeled undamaged strand of DNA duplex. The right panel terminally labeled damaged strand of DNA duplex. After the Mung Bean DNA digestion reaction mixtures was separated on 10% denaturing polyacrylamide gel. The bottom panel shows schematic representation of the protection pattern for the DNA substrate. Strongly and weakly protected regions are designated by solid and shaded bars, respectively.

Complex formation of RPA and XPA with damaged DNA substrates
------------------------------------------------------------

The photocrosslinking experiments demonstrated contacts of RPA and XPA with both strands of damaged DNA duplex with some preference in contacts with undamaged strand ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Binding of these proteins was analyzed with (i) undamaged 48-mer ss oligonucleotide, (ii) its damaged version bearing fluorescein group as the lesion, (iii) damaged DNA duplex and (iv) damaged bubble-DNA ([Figure 6](#F6){ref-type="fig"}). XPA showed the highest affinity to bubbled DNA ([Figure 6](#F6){ref-type="fig"}A, lanes 16--20) and bound undamaged ssDNA in comparison with damaged DNA duplex with similar affinities ([Figure 6](#F6){ref-type="fig"}A, lanes 1--5 and 11--15, respectively). RPA preferred ssDNA ([Figure 6](#F6){ref-type="fig"}B, lanes 1--5 and 6--10) and bubbled DNA over damaged duplex DNA ([Figure 6](#F6){ref-type="fig"}B, lanes 16--20 in comparison with lanes 11--15). While XPA bound more efficiently undamaged ssDNA than damaged ssDNA, RPA bound equally well and showed no selectivity for damaged ssDNA. Moreover, RPA located to damaged DNA duplex in a cooperative manner displaying numerous DNA--protein complexes of different mobility in the presence of free, uncomplexed DNA ([Figure 6](#F6){ref-type="fig"}, lanes 11--15). Figure 6.Binding of XPA and RPA to various types of DNA structures. The reaction mixtures (10 μl) contained 50 mM Tris--HCl 7.5, 100 mM KCl, 1 mM DTT, 0.6 mg/ml BSA, 10 nM 5′-^32^P-labeled DNA structure (lanes 0--5: undamaged ssDNA; lanes 6--10: damaged ssDNA; lanes 11--15: damaged DNA duplex; lanes 16--20: damaged DNA duplex with bubble) and protein factors at analyzed concentrations: (**A**) 10, 25, 50, 100 or 300 × 10^−8^ M XPA; (**B**) 0.2, 1, 2, 5 or 10 × 10^−8^ M RPA. The right panels show quantitative analysis from the A and B experiments. Bars indicate error of five independent sets of experiments.

To compare the sensitivities of XPA and RPA to a lesion within a duplex or bubble we have analyzed binding of these proteins with both damaged and undamaged DNA structures. Both proteins demonstrated light preference in the binding of damaged DNA in comparison with undamaged structures ([Figure7](#F7){ref-type="fig"}A and B). Although XPA demonstrated the highest affinity to damaged bubble, its preference for this structure was not substantial (protein concentrations for 50% binding level increase by factor of 1.5--2.0). To exclude non-specific interactions we performed binding experiments in the presence of 5-fold excess of undamaged non-radioactively labeled 48-mer duplex as a competitor ([Figure7](#F7){ref-type="fig"}C and D). Differences in XPA binding to the various structures became more distinct in the presence of competitor, particularly the difference between DNA duplex and bubbled DNA ([Figure7](#F7){ref-type="fig"}C, lanes 1--10 in comparison with 11--20). Surprisingly, RPA binding to bubble was inhibited by competitor in the same range as to duplex DNA ([Figure7](#F7){ref-type="fig"}D). Using circular ds plasmid DNA as another competitor, no inhibition effect on RPA binding to bubble was observed (data not shown). Probably this result was due to the contribution of the duplex blunt ends in the RPA binding. Figure 7.Comparative analysis of XPA and RPA binding to damaged and undamaged DNA. Increasing amounts of XPA (**A**) or RPA (**B**) were added to undamaged DNA duplex (lanes 1--5), damaged DNA duplex (lanes 6--10), undamaged DNA duplex with 15 nt bubble (lanes 11--15), or damaged bubble (lanes 16--20). A 5-fold excess of non-radioactive native 48-mer duplex was added in the reaction mixtures to compete binding of the studied DNA structures with XPA (**C**) or RPA (**D**). The right panels show quantitative analysis from the A, B,C and D experiments. Bars indicate error of five independent sets of experiments.

DISCUSSION
==========

Both XPA and RPA belong to obligate protein factors required for NER activity *in vivo* as well as in reconstituted *in vitro* system ([@B34],[@B35]). XPA, a zinc-finger containing protein, recognizes and binds to damaged DNA ([@B36],[@B37]), the zinc-finger domain is also involved in a protein--protein interaction with RPA ([@B38]). XPA interacts with many of the core repair factors in NER and, without XPA, the stable preincision complex and NER are not assembled ([@B11],[@B39]). Reduction of XPA to low levels in cells has been demonstrated to reduce NER activity and increase sensitivity to UV irradiation ([@B40]). Using reconstituted NER, XPA catalyzed the assembly of TFIIH and downstream NER factors towards the incision/excision of the damaged oligonucleotide ([@B41]). Taken together, XPA functions at several stages during NER performance. In addition, recent results suggest that XPA functions in DNA damage checkpoints and in cellular DNA damage responses, depending on its state of protein phosphorylation ([@B42],[@B43]).

RPA is an evolutionarily conserved, heterotrimeric protein complex that binds and stabilizes ssDNA regions ([@B25]). The RPA heterotrimer binds ssDNA in several modes, with occlusion lengths of 8--10, 13--14 and 30 nt corresponding to global, transitional and elongated conformations of protein ([@B44],[@B45]). In NER, RPA plays an integral role in damage recognition preceding the incision of the damage, and then again in post-excision DNA repair synthesis. RPA polarity appears crucial for positioning of the excision repair nucleases XPG and ERCC1--XPF on the DNA and RPA seems to bind in preincision complex in elongated form ([@B46]). However RPA-binding analysis and size of the open region of 13 nt generated by TFIIH ([@B23]) allow to assume a contribution of transitional conformation of RPA in NER preincision complex. Not only XPA but also RPA binds to damaged DNA with some degree of specificity ([@B47; @B48; @B49]), which is significantly enhanced by a cooperative interaction between these proteins ([@B50]). The XPA--RPA complex was the originally proposed factor responsible for primary damage recognition, but *in vivo* and *in vitro* studies later on led to the suggestion that recruitment of XPA to lesion sites occurred sometimes after TFIIH recruitment ([@B51],[@B52]).

Based on our results, XPA and RPA will be essential for the assembly of the preincision complex by the following arguments: It is known that purified XPA protein exhibits specific binding affinities for certain kinked DNA substrates, namely three-way or four-way junctions ([@B33],[@B53]) and ss/dsDNA junctions ([@B30]). This suggests that XPA would recognize a certain intermediate conformation of DNA that emerged during unwinding action by TFIIH helicases or during further events in the DNA damage processing. The open DNA duplex (bubble), which is formed as DNA is unwound around the damaged site, has both DNA bends and ssDNA regions and thus would be efficiently recognized by the XPA--RPA complex. In the present study we have analyzed XPA and RPA interaction with various types of DNA structures attributed to NER intermediates. Indeed, RPA and XPA bound bubbled DNA with affinities that were higher than those for binding DNA duplex. Footprinting analysis suggested time-limited contacts of both proteins, XPA and RPA, with ssDNA in the bubbled DNA structures, especially of RPA with intact ssDNA. On this basis we suggest only transient binding of XPA and RPA to ss regions of DNA intermediate that would be sufficient to protect ssDNA intermediates from the action of non-specific nucleases.

Our crosslinking experiments display higher yields of DNA--protein adducts of XPA and RPA with undamaged strand using both DNA duplex ([Figure 2](#F2){ref-type="fig"}) and bubbled DNA ([Figure 3](#F3){ref-type="fig"}). No data exist on XPA and (or) RPA crosslinking with bubble DNA structures. Our data on DNA duplex modification disagree with earlier published results ([@B54]) claiming RPA and XPA crosslinks mainly to 5I-dUMP residues in the damaged strand of cisplatin-modified 24-mer duplex. This difference is likely due to the use of different lengths and/or sequences of DNA duplexes and/or different types of lesions. Each can influence DNA secondary structure, resulting in changes of the DNA--protein binding surface. It has been thus recently shown for DNA bearing benzo\[a\]pyrene adduct that the structural distortions provoked on dsDNA by this adduct depended on sequence contexts ([@B55]). The important influence of the type of lesion on modulating duplex geometry has been reported ([@B56]). It should be noted that RPA crosslinking to undamaged strand is also demonstrated using DNA duplex with cholesterol lesion ([@B22]).

XPA interacted with damaged bubble asymmetrically, i.e. mainly with the ds/ssDNA junction toward the 5′-end of damaged strand ([Figure 3](#F3){ref-type="fig"}). And XPA was located to the NER intermediate in the absence of protein partners. Surprisingly, XPA demonstrated asymmetric localization also on damaged DNA duplex although it binds more specifically with bubbled DNA ([Figure 7](#F7){ref-type="fig"}C). The difference in XPA-binding affinity between duplex and bubbled DNA was much stronger than that between damaged and undamaged DNA structures supporting the view that XPA would be involved in NER process at a time following damaged DNA recognition and partial duplex opening. XPA asymmetric localization as well as RPA-binding polarity would play an important role in the ultimate asymmetry of preincision complex preceding the loading of ERCC1--XPF and XPG endonucleases.

It has been recently shown that protein--protein interactions between XPA and ERCC1 were specifically required for NER but not in the context of other DNA repair pathways ([@B24]). The endonuclease ERCC1--XPF incises the damaged strand of DNA in 5′-position to a lesion. XPA interacts with ERCC1 and recruits it to sites of damage. ERCC1--XPF binds and cleaves at junctions between ss and double-stranded DNA incising the 3′ssDNA overhang. Our data demonstrate for the first time that XPA localizes nearby ss/dsDNA junction that is positioned 5′ to a lesion. In this position XPA will initiate the assembly of the DNA preincision complex by recruiting ERCC1. The assembly will be followed by the incision in the damaged ssDNA towards the 3′ direction. Thus, binding of XPA is necessary for specific cleavage of the damaged strand by NER. This scenario is in agreement with reported 5′ ERCC1--XPF dependent incision of the DNA strand prior to the 3′ DNA strand incision by XPG ([@B57]). Despite numerous studies on XPA interactions with various DNA structures, there has been no direct evidence for its positioning 5′ to a lesion. It is important that the proper orientation of XPA and RPA in the stage of preincision is achieved in the absence of TFIIH. Thus, XPA binding mainly depends on position of the DNA damage relatively to ss/ds transition in the bubbled DNA. It is proposed that RPA contributes to the positioning of XPA at ss/dsDNA junction because RPA and XPA demonstrate cooperativity in their binding to such DNA structures. Although RPA locates almost at the same position as does XPA to the damaged DNA strand ([Figure 3](#F3){ref-type="fig"}), it will bind to the undamaged DNA strand. Similar such a positioning activity by RPA is seen for the DNA polymerase dependent DNA synthesis after the cleavage of the damaged DNA strand. Together XPA and RPA play a structural role and ensure a proper 3D arrangement of the DNA intermediate for excision in addition of being involved in the DNA damage strand recognition. The proposed model of interaction of proteins within the preincision NER complex is shown in [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq649/DC1).
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[^1]: The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

[^2]: The modifications are indicated as follows: [I]{.ul} -- 5I-dUMP, F` – Flu-dUMP`
